Previous research showed that some herbaceous perennial species could offer summertime cooling better than succulent species on green roofs (GRs), if supplementary irrigation is available during times of drought. In light of increasing water shortages, use of greywater (GW) instead of mains tap water (TW) for this purpose comes into focus. A glasshouse experiment was conducted in summer 2015 at the University of Reading (UK) to assess the impact of GW irrigation on the health, growth and functioning (in terms of leaf stomatal conductance (gs) and associated water uptake) of four plant genotypes (Salvia, Stachys, Heuchera and Sedum), and their ability to deliver ecosystem services, particularly cooling. Twenty-two replicates of each genotype, plus controls of bare, unvegetated substrate, were irrigated with fixed volumes of TW or synthetic GW for 6 weeks. Plant growth and visual quality, and gs were measured. In Week 7, daily water loss from each container following saturation was determined. For the first 6 weeks, plant growth, visual quality and gs were similar for both TW and GW treatments for all genotypes, indicating no negative impact of short-term GW irrigation and no apparent impact on cooling when plants were well-watered. However, in Week 7 water uptake (and thus presumably gs) was significantly lower for plants irrigated with GW compared to TW for some genotypes (Salvia and Heuchera), especially as substrate became drier, suggesting a reduction in evapotranspiration and potentially reduced cooling service when the soil is dry.
INTRODUCTION
Green roofs (GRs) have the potential to provide multiple ecosystem services (ESs), including surface and aerial cooling and stormwater management. Recent studies have shown that a variety of species with different morphological and physiological characteristics than traditionally used succulent species (e.g. Sedum sp.) may be able to provide ESs at a higher degree (Blanusa et al., 2013; Vaz Monteiro et al., 2016) . However, it is also apparent that, since plants have been found to provide cooling mainly through evapotranspiration (ETp), supplementary irrigation of these species is required during times of drought to ensure plant survival and continued provision of ESs (Blanusa et al., 2013) . Water shortages and competition for limited water resources in urban areas are becoming widespread, consequently reducing the availability of water for GR irrigation (Pinto et al., 2010) ; using greywater (GW) instead of tap water (TW) may therefore provide a sustainable alternative for GR irrigation.
Greywater consists of household wastewater that originates from the kitchen, laundry and bathroom, but excludes black water from the toilet (Eriksson et al., 2002) , and has variable quality depending on source within the house, products used by occupants, and so forth (Pinto et al., 2010) . When used for irrigation, GW can have negative impacts on soils (e.g. reduction in hydraulic conductivity; Travis et al., 2010) and their ability to support plant growth (Rodda et al., 2011) , mainly due to accumulation of salts, surfactants, oils and nutrients in the soil and elevated soil pH (Albalawneh et al., 2016) . The impact of GW on plant health and growth varies between species with different tolerances (Sharvelle et al., 2012) , and may be either beneficial (acting as a fertiliser and improving plant growth; Rodda et al., 2011) or detrimental (nutrients accumulating in toxic levels and reducing plant growth; Travis et al., 2010) . Few studies have investigated the impact of GW on the provision of ESs, and generally consideration has been limited to water uptake and transpiration (e.g. Eriksson et al., 2006; Pinto et al., 2010) . Reduced soil hydraulic conductivity may make it more difficult for plants to take up water, potentially limiting transpiration and consequently impacting plants' health and ability to provide ESs such as cooling (Ouldboukhitine et al., 2014) .
It is clear that GW has the potential for use in supplementary irrigation of GRs but it is not yet fully understood how plants with high ETp rates and thus good cooling potential will respond to it. The principal objectives of this study, therefore, were to investigate the tolerance of some potential GR genotypes to short-term irrigation with GW (in terms of effects on their health, growth and functioning). Extensive previous research within our group with these genotypes under similar conditions identified plant transpiration as the primary mechanism through which cooling is provided, with gs also closely linked to the plants' cooling potential (Blanusa et al., 2013; Vaz Monteiro et al., 2016; 2017) . The impact of GW on continued provision of ESs, particularly cooling, through modification of stomatal conductance and associated ETp was therefore also investigated in this study.
MATERIALS AND METHODS

Plant material and growing medium
Three broadleaf perennial genotypes (Salvia officinalis, Stachys byzantina and Heuchera 'Obsidian') that have previously shown potential to provide a good cooling service on GRs (Blanusa et al., 2013; Vaz Monteiro et al., 2016) were tested along with the traditional GR succulent Sedum sp. In April 2015, all genotypes were planted into 2 L containers (17 cm diameter) with 11 cm depth of a 50:50 mix of peat-based compost and vermiculite (one plant per container). Heuchera and Sedum were two year old plants, whilst Salvia and Stachys were propagated from cuttings in January 2015. There were 22 replicates of each genotype along with bare, vegetation-free substrate. On Day 0 of the experiment, 4 additional plants of each genotype were harvested to obtain baseline biomass information.
Impact of GW on plant health, growth and function
The experiment was carried out between 21 st May and 13 th July 2015 in a ventilated glasshouse on the Whiteknights campus of the University of Reading, UK. For the first 6 weeks, half of the containers were watered with TW and half with GW. Industry standard synthetic GW (Diaper et al., 2008) was used for irrigation to ensure that chemical and physical properties were consistent throughout the experiment. Irrigation volumes were determined from substrate moisture and plant water use tests carried out in March/April 2015, with the aim of preventing any leachate production whilst also maintaining substrate moisture content (SMC) within the "well-watered" range (> 0.25 m 3 m -3 ; Blanusa et al., 2013) to prevent plant stress. TW and GW irrigation volumes were always identical, and water was applied to the soil by hand to avoid direct contact between plant foliage and GW (Misra et al., 2010) 5 times per week.
Leaf stomatal conductance to water vapour (gs) of all plants was measured on Day 0 (to obtain baseline values) and then once per week using an LCpro-SD infrared gas analyser (ADC BioScientific Ltd., Hoddesdon, UK) except for Sedum, which was measured with an AP4 Porometer (Delta-T Devices, Cambridge, UK) due to small leaf size. Canopy temperatures were also measured on Day 0 and then once per week by analysing thermal images of each plant taken with an infrared imaging camera Thermo Tracer TH7800 (NEC San-ei Instruments Ltd., Tokyo, Japan). Starting from Day 1, SMC and substrate electrical conductivity (EC) of all containers were measured prior to irrigation 3 times per week using a WET sensor connected to a HH2 Moisture Meter (Delta-T Devices, Cambridge, UK). Plant growth (height and diameter) and visual health and quality were measured on Day 1 and then every 2 weeks; quality of each plant was visually assessed using a rating scale from 0 -5 based on the rating system used by Sharvelle et al. (2012) . At the end of 6 weeks, 10 plants from each treatment (5 TW and 5 GW) were harvested to obtain shoot and root dry weights.
Impact of GW on plant water use after 6 weeks of GW irrigation
In Week 7 (6 th -13 th July), the remaining 12 containers per treatment were saturated to container capacity by submerging in either TW or GW as appropriate for 15 minutes and then draining for 1 hour. Containers were weighed after draining and then every 24 hours for a week; no further irrigation was applied in this time.
Statistical analysis
Statistical analysis was carried out using GenStat 16 th edition software (VSN International Ltd., Hemel Hempstead, UK). For each treatment, analysis of Variance (ANOVA) was used to assess the effect of irrigation treatment (TW or GW) on measured parameters. Variance levels were checked for homogeneity and values were reported as means with associated LSDs (least significant difference between the means; p < 0.05).
RESULTS AND DISCUSSION
Greywater and substrate EC
Average EC of the synthetic GW mix for the experiment was slightly but statistically significantly higher than the EC of the TW used (599 μS cm -1 compared to 528 μS cm -1 ). Although this was higher than the desired EC range (300-400 μS cm -1 ) suggested by Diaper et al. (2008) , it was substantially lower than the majority of EC values reported in the literature for both synthetic and real GWs, which are frequently over 1000 μS cm -1 (e.g. Pinto et al., 2010) . During the first 6 weeks, substrate EC of all treatments was generally between 700 and 1500 μS cm -1 (data not shown), which is within the recommended substrate EC range of 0-1500 μS cm -1 suggested by De Clerck et al. (2003) for acceptable plant growth and soil microbial activities. Similar to other studies (e.g. Sharvelle et al., 2012) , the EC of GW irrigated containers was generally higher than that of TW irrigated containers, and significantly higher by Week 6 for the control, Heuchera and Sedum. Substrate EC for Stachys, however, was similar for both TW and GW irrigated plants throughout the 6 weeks (data not shown), suggesting that salts did not accumulate significantly in the substrate and so any negative effects of GW would be minor for Stachys. and grey water (GW) irrigated plants after 6 weeks. Different letters indicate statistical differences between treatments, with associated LSD bars (p < 0.05).
Plant growth and quality
During the first 6 weeks of the experiment, there were no statistically significant differences between TW and GW treatments in plant height, diameter and visual quality (data not shown) for any genotype. Biomass of all genotypes increased over the course of the experiment, but there were no differences in shoot or root dry weights between TW and GW treatments for any genotype (Fig. 1) . Results suggest that all genotypes were able to tolerate short-term irrigation with GW with no negative consequence, similar to the results of several other studies (e.g. Pinto et al., 2010) .
Stomatal conductance
Generally there were no statistically significant differences in gs between TW and GW treatments for any of the genotypes for the first 6 weeks (Table 1) , the only exceptions being for Sedum at week 4 and Heuchera at week 6, when gs was significantly higher in TW treatments compared to GW. Heuchera baseline gs was very low, possibly as a result of apparent transplanting stress (experience has shown that Heuchera can be sensitive to transplanting and may require a long period to adapt to new substrate); generally Heuchera gs increased over the course of the experiment for both TW and GW treatments, concurrently with an observed improvement in visual quality.
Stachys gs was consistently high throughout the experiment for both TW and GW treatments and in line with published values (> 200 mmol m -2 s -1 ; Blanusa et al., 2013) , with no apparent impact of GW on gs, which correlates well with Stachys substrate EC. Salvia gs for both TW and GW treatments were high at the start of the experiment but decreased over time, particularly in the last week when it was only 54% or 61% of baseline gs for TW and GW treatments respectively. This appears to have suppressed the gs of both TW and GW irrigated plants to the same extent and was probably connected to an observed decline in the visual health and quality of all Salvia plants in the latter half of the experiment. Contrary to results of other studies (e.g. Eriksson et al., 2006) , gs in this study generally was not suppressed by GW irrigation whilst plants were kept well-watered (typically > 0.200 m 3 m -3 ; data not shown). Additionally, there were no differences in the canopy temperatures of TW and GW irrigated plants within all genotypes at any time throughout the study (data not shown). Since high gs has proven to be a key trait for providing cooling with these genotypes (Vaz Monteiro et al., 2017) , results suggest that the extent of the cooling service provided would not be compromised by irrigation with GW.
Impact of GW on plant water use after 6 weeks of GW irrigation
In the final week of the experiment, there was a general trend of lower water uptake by the plants in the GW treatments than in the TW treatments for some genotypes (Heuchera and Salvia) and the control (Table 2) ; there were no significant differences for Stachys or Sedum (data not shown). This correlates well with the other results in this experiment (gs, plant growth, substrate EC) which have also indicated that Stachys appears to be tolerant to GW irrigation, at least in the short-term, and is similar to results of other studies (e.g. Misra et al., 2010) , which also report no difference in water uptake between TW and GW treatments. It is likely that for Stachys and probably Sedum, ETp in the TW and GW treatments remained similar through the drying period (hence resulting in similar water uptake). This suggests that the cooling service provided by the plants would not have been compromised by GW irrigation, as transpiration has previously been identified as the primary mechanism for cooling provision with these genotypes (Blanusa et al., 2013; Vaz Monteiro et al., 2017) . Conversely, water uptake from plants irrigated with GW compared to TW was significantly lower for almost the whole experiment for Heuchera and significantly lower towards the end of the week for Control and Salvia (Table 2 ). This contrasts with the results of Sharvelle et al. (2012) , who reported significantly higher water uptake by plants irrigated with GW than by plants irrigated with TW, although this was partly attributed to greater growth of the GW irrigated plants, which was not the case in this study. Lower water uptake from Heuchera irrigated with GW compared to TW corresponds to the reduced gs for the GW irrigated plants measured in Week 6, indicating a likely reduction in the cooling potential of Heuchera at this time (Vaz Monteiro et al., 2017) . Since water uptake was significantly lower from the GW irrigated control containers compared to the TW irrigated containers, evaporation from the substrate, as well as transpiration, appears to be reduced with GW irrigation. This is probably a result of GW lowering the hydraulic conductivity of the substrate (Travis et al., 2010) , thus making water movement to the surface for evaporation, as well as water movement to the roots, more difficult and hence decreasing both evaporation and transpiration (Rodda et al., 2011) . The volumes of water lost from the control containers each day were relatively small compared to the planted containers, and consequently impacts of GW may have taken longer to become apparent. The gs of TW and GW irrigated Salvia plants were similar in week 6, which may account for the similar water uptake in the first few days of drying; gs presumably declined in GW irrigated plants as the substrate dried out and hydraulic conductivity decreased, resulting in reduced water uptake. This indicates that as the substrate dries out, functioning of GW irrigated Salvia may become compromised, leading to lower gs and likely reduced provision of cooling service.
CONCLUSIONS
Results of this study showed that 6 weeks of irrigation with GW had no significant impact on the health, growth and visual quality of these four genotypes in a glasshouse study in UK summer conditions. During this period, the gs of these genotypes was not affected by GW irrigation, suggesting that any potential transpirational cooling service these plants could provide would likely not be compromised when plants are well-watered. However, in the 7 th week of the experiment, water uptake (ETp) was significantly lower with GW irrigation for Heuchera (whole week) and for bare substrate and Salvia after a few days of drying. This suggests that some differences between TW and GW irrigation treatments may only become apparent when SMC is depleted, and consequently GW irrigation may compromise the ability of some genotypes (e.g. Salvia) to continue transpiring during extended periods of drought, likely also restricting cooling. It is likely that an irrigation design alternating GW with TW may prevent accumulation of salts in the substrate, thus avoiding any negative impacts of GW on the plants' health and gs.
